Oil industry suffers from flow assurance problems that occur both in upstream and downstream operations. One of the common flow assurance issues arises from precipitation and deposition of asphaltenes in various locations along the oil production path including near wellbore region in the reservoir, production tubing, flowlines and separation unit at the surface. Asphaltene particles precipitate out of oil continuum due to changes in temperature, pressure or composition. Such changes in operating conditions occur during different recovery processes (natural depletion, gas injection, chemical injection, etc.) as well as production and blending of different oils during transportation. There are different experimental methodologies documented in the literature that describe how to determine onset of asphaltene precipitation. In this paper, a comprehensive review is performed on all the available procedures to measure onset of asphaltene precipitation. The advantages and limitations associated with all these methods are also documented.
Introduction
Because of the complex nature of oil mixture, its elemental examination is difficult. One of the best approaches to describe an oil mixture is SARA separation which is an analytical approach to categorize oil into four fractions based on their polarity as saturates, aromatics, resins and asphaltenes (Aske et al. 2001; Aske 2002; Goel et al. 2017) . Asphaltene is the polyaromatic fraction of the crude oil with a wide range for molecular mass reported in the literature, to name a few, from 700 to 40,000 (Ratovskaya 1968) , 1000-50,000 g/mol (Ali and Al-Ghannam 1981) , 3200 ± 400 g/mol (Acevedo et al. 2005b ) and 300-1400 g/ mol (Akbarzadeh et al. 2007 ). However, the latest, and more probable value, was reported by Mullins et al. (2012) to be around 750 g/mol. Another approach to define asphaltenes is through solubility aspects; asphaltene is defined as the fraction of oil which precipitates upon mixing of oil sample with normal alkanes as pentane, hexane and heptane (Andersen 1994; Arya et al. 2015; Mozaffari et al. 2015) . It was found that different alkanes (as the precipitants) result in various amounts of asphaltene precipitation for the same oil sample. The lighter precipitant results in greater mass of asphaltene precipitation (Kokal and Sayegh 1995; Hu and Guo 2001) . In some publications, asphaltene solubility in aromatic solvents such as toluene and benzene is also considered when "solubility" of the particulates is considered for classification (Speight and Moschopedis 1981; Kawanaka et al. 1991; Browarzik et al. 1999; Speight 2004; Akbarzadeh et al. 2007; Mozaffari et al. 2017) . As stated, several classification criteria were proposed in the literature (including molecular mass, molecular structure, solubility, etc.) to define asphaltenes; however, there is no universal and standard definition for this fraction of the crude oil. Another interesting point about structure of asphaltenes is the presence of significant amounts of heteroatoms such as nitrogen, oxygen and sulfur (Speight 2004; Aquino-Olivos et al. 2013; Guzmán et al. 2017 ). In addition, asphaltenes contain some amounts of metals such as Ni, Fe, and V (Leontaritis 1996; Luo et al. 2010; Maqbool et al. 2011) .
Asphaltene precipitation and subsequent deposition in porous medium as well as in the flowlines causes expensive flow assurance issues worldwide. Changes in pressure, 1 3 temperature and composition of oil may cause asphaltene precipitation and deposition (Leontaritis and Mansoori 1987; Zahedi et al. 2009; Rassamdana et al. 1996; Branco et al. 2001; Mofidi and Edalat 2006; Eskin et al. 2016; Kord et al. 2014) . These changes could happen during different in situ recovery processes such as natural depletion, gas injection, and chemical flooding as well as during production and transportation of the produced crude in flowlines (Mansoori 1997; Zanganeh et al. 2012; da Silva Oliveira et al. 2014) . Asphaltene precipitation has also been reported during well workover and acidizing operations (Jacobs and Thorne 1986; Kokal and Sayegh 1995) .
One of the first steps to prevent asphaltene precipitation is acquiring knowledge about the asphaltenic fluid, and how it behaves under various operating conditions from the thermodynamic point of view. The beginning point of separation of asphaltenes from oil is called onset of asphaltene precipitation. To know how the asphaltenic fluid behaves under varying operating conditions, one may refer to asphaltene phase envelope, APE (Escobedo and Mansoori 1995; Chandio et al. 2015; Mahmoudi and Zare-Reisabadi 2015; Lei et al. 2015) . When asphaltene precipitation from reservoir fluid under high pressure and temperature is concerned, APE can provide valuable information on how to avoid asphaltene precipitation by tailoring production conditions. Under isothermal pressure depletion, asphaltenes precipitate when reservoir pressure drops below onset of asphaltene precipitation pressure, which is below the reservoir pressure but most of the times much higher than the saturation pressure of the live reservoir fluid (Fig. 1) . As pressure decreases below the onset precipitation pressure, the amount of asphaltene precipitation increases and reaches to its maximum value when pressure approaches the bubble point pressure. As pressure declines below the saturation pressure, solution gas is liberated from the live oil, making it denser. This will cause the already precipitated asphaltenes to dissolve back into the remaining oil phase because of a shift in asphaltene solubility in the denser oil (De Boer et al. 1995; Kokal and Sayegh 1995; Hammami et al. 2000) . APE consists of two distinct regions. The first region is the pressure-temperature conditions for asphaltene precipitation above the bubble point, which is called upper boundary of asphaltene precipitation. The second region of precipitation is related to P-T conditions below the bubble point, which is known as lower boundary of asphaltene precipitation (Fig. 1) .
De Boer et al. (1995) presented an interesting graph in which the difference between the initial pressure and bubble point pressure was plotted versus the reservoir fluid density (Fig. 2 ). This figure was used to predict the risk of asphaltene precipitation.
A review on techniques for determining onset of asphaltene precipitation
There are several experimental methods to measure onset of asphaltene precipitation. Depending on the mechanism triggering asphaltene precipitation, this onset precipitation is attributed to the pressure at which asphaltene particles precipitate out (i.e., onset precipitation pressure) or the concentration of precipitant at which asphaltene precipitation occurs (i.e., onset precipitation concentration). The former terminology is applied when a live oil sample is depressurized, whereas the latter one is used for both live oil and dead oil titration with a precipitant, i.e., the onset point is defined as the threshold amount of precipitant used to titrate a known amount of oil when asphaltene particles precipitate Fig. 1 Schematic of asphaltene phase envelope (Akbarzadeh et al. 2007 ) Fig. 2 Risk of asphaltene precipitation as a function of difference between the initial pressure and bubble point pressure as well as the reservoir fluid density (de Boer et al. 1995) 1 3 out of the solution. The advantages and limitations of the laboratory techniques are also documented in this section.
Gravimetric method
This method is used to obtain the asphaltene onset pressure (AOP) associated with a live oil sample when it undergoes an isothermal depressurization process in a PVT cell from initial reservoir pressure to a pressure well below the saturation pressure. The live oil sample is transferred from the sample cylinder into the PVT cell at constant reservoir pressure and temperature. Care should be taken for the transfer lines and connections to be heat traced so that sample temperature does not change during charge into the PVT cell. The live oil sample is then conditioned at reservoir temperature and pressure for homogenization. After sample conditioning, it goes through discrete depressurization stages. At the end of each pressure step, the sample is agitated for a fixed duration of time for homogenization. The homogenized sample is then allowed to stabilize at the new pressure and reservoir temperature. A sub-sample is then taken from the top portion of the PVT cell and brought to atmospheric conditions by bleeding off the pressure and liberating the solution gas. Once the dead oil is obtained, it goes through analytical tests such as IP-143 or ASTM D-3279 for asphaltene content measurement. This procedure is continued until reaching the saturation pressure of the live oil sample where solution gas is released upon further depressurizing. At each pressure step below, the saturation pressure, the released solution gas is first removed from the PVT cell, followed by further homogenization of the live oil before sub-sampling for asphaltene content measurement. When upper boundary pressure of asphaltene precipitation at the desired temperature is reached, asphaltenes separate from the oil continuum and concentrate more at the bottom of the PVT cell. The amount of precipitated asphaltenes at the bottom of the cell increases gradually until bubble point pressure. Below the bubble point, gas is liberated from the live oil, hence the remaining oil dissolves back the precipitated asphaltenes; therefore, the asphaltene content of the live oil sample in the PVT cell increases. Using this method, an indicator for asphaltene precipitation is obtained by comparing asphaltene content of sub-samples collected at various pressure steps with the asphaltene content of the original oil sample. This process is schematically shown in Fig. 3 . This technique was used by several authors such as Burke et al. (1990) , Zendehboudi et al. (2013) and Jamaluddin et al. (2001) . The experimental conditions for the study performed by Jamaluddin et al. (2001) are presented in Table 1 . Burke et al. (1990) used gravimetric method to study the effect of temperature and pressure on asphaltene precipitation. They also investigated the effect of mole fraction of precipitant in several oil-precipitant mixtures. The gravimetric method was also used by Zendehboudi et al. (2013) to examine the effect of various precipitant/oil ratios (1-50) for n-pentane and n-heptane on asphaltene precipitation at reservoir conditions for two oil samples.
The asphaltene content of the oil sample versus pressure is depicted in Fig. 4 . It is seen that the variation of asphaltene content with pressure is independent of the type of precipitant; however, greater amounts of asphaltene content for each sub-sample were obtained when n-pentane was used as the precipitant. In addition, four distinct trends were Fig. 3 Schematic representation of pressure depletion process for AOP measurement using gravimetric method (P U , upper pressure boundary; P L , lower pressure boundary; P b , bubble point pressure) observed for the effect of pressure on asphaltene content: the first trend is a constant asphaltene content behavior from reservoir pressure to about 42.75 MPa. The asphaltene content of the sample was then decreased from 42.75 MPa down to 22.24 MPa where the minimum amount of asphaltene content was achieved. Therefore, the upper pressure boundary for asphaltene precipitation and saturation pressure of the sample was obtained at 42.75 MPa and 22.24 MPa, respectively. This observation was independently confirmed with a saturation pressure measurement conducted on the same live oil sample in a CCE test. Upon further depressurization of the sample below the bubble point pressure, the asphaltene content increased which is an expected trend until reaching the lower pressure boundary for asphaltene precipitation (i.e., 13.51 MPa) when the already precipitated asphaltenes were dissolved back in the denser live fluid. The fourth region is below the lower pressure boundary for asphaltene precipitation where no change in asphaltene content of the fluid is observed when pressure was further reduced.
The accuracy of the gravimetric technique for AOP pressure measurement of a live oil sample depends on the selection of pressure intervals and precision of analytical technique used for quantification of asphaltene content. If very coarse pressure steps were selected, the onset point may be missed in these wide intervals. On the other hand, excessive refinement of the pressure steps may elongate the measurement process. Another drawback of the gravimetric technique is the large volumes of the live oil needed.
Viscosity measurement
This method is established based on the idea of describing an asphaltenic crude as a "colloidal suspension" when asphaltene particles precipitate out of the solution. Based on the extensive research conducted in the literature on properties of colloidal solutions (Einstein 1956; Sherman 1964; Goldsmith and Mason 1964; Graham 1981; Gillespie 1983; Hirchberg 1988) , one can implement viscosity measurement approach and characterize the crude oil when it is passed the onset of asphaltene precipitation. There are some influential parameters that control suspension viscosity including fluid-particle and particle-particle interactions, particle size distribution, particle shape, and particle concentration. Sometimes, suspended particles interact with each other and may form numerous sizes of aggregation. It has been shown that aggregation phenomenon in colloidal suspensions forms a distribution of greater particle sizes that results in increased suspension viscosity (Escobedo and Mansoori 1995; Gillespie 1983) .
Numerous studies show that asphaltenes in crude oil have a colloidal nature (Kawanaka et al. 1989; Wen et al. 1978; Lichaa and Herrera 1975; Ray et al. 1957; Leontaritis 1988) . In this approach, asphaltenes are considered as dispersed particles in crude oil which are stabilized by a resin layer on their surfaces. This condition of stabilization may be disturbed by adding a precipitant. The precipitant causes desorption of resins preserver layer from the asphaltene surfaces. In the absence of the resin layers, the asphaltene particles may interact with each other and aggregation will occur. This aggregation of suspended particles in a suspension will increase the viscosity. Thus, measurement of crude oil viscosity at different percentages of added precipitant can be a method for detecting the onset of asphaltene precipitation during a titration test for stock tank oils. This method was presented originally by Escobedo and Mansoori in 1995. Reverse or opaque Cannon-Fenske viscometer was the type of glass viscometer used in this study. Since each Cannon-Fenske viscometer tube size is only useful for a specific range of viscosity values, various tube sizes of this viscometer should be used to cover the entire viscosity range. One of the advantages of this method is its applicability for the light and heavy, opaque and transparent, and dead and live oil samples. However, if capillary tubes are used for viscometry, they may be plugged by deposited asphaltenes during the measurements. This method has been widely used in the literature. For instance, Shadman et al. (2012) and Firoozinia et al. (2016) used it to study the effect of inhibitors and dispersants on asphaltene precipitation from dead oil samples. Turta et al. (1997) used this method to determine onset of asphaltene precipitation in live oil samples at reservoir conditions during gas flooding process.
The overall procedure for viscometry of mixture of asphaltenic crude with a precipitant is presented here: first, several diluted samples of oil with different volumetric ratios of precipitant to oil need to be prepared. The number of samples is chosen in such a manner that covers the entire range of precipitant concentration. Escobedo and Mansoori (1995) used 30 samples for their viscometry study. Then, sufficient time should be allotted to prepare samples at thermal equilibrium with environment. After equilibration, viscosity of all the samples should be measured. The next step is to prepare solutions of crude oil in a polar and non-precipitating solvent such as toluene or benzene with the same volume proportions as those of the precipitant in the first step, and then measure the viscosity of oil-non-precipitating solvent mixture. These latter solutions are considered as references with which viscosity of mixtures of crude oil and precipitant is compared. This comparison highlights the point of onset on a graph of viscosity versus solvent or precipitant concentrations. In the end, each sample of oil-precipitant solution is examined under microscope to visually confirm the onset point. The onset of asphaltene precipitation is defined as the lowest precipitant concentration at which the suspended asphaltene could be visually detected.
Figures 5 and 6 are borrowed from Escobedo and Mansoori (1995) that show how kinematic viscosity of mixtures of oil-precipitant as well as oil-non-precipitating solvent change with solvent concentration. The n-alkanes used are n-C 5 , n-C 7 and n-C 9 and the non-precipitating solvents for the reference mixtures are toluene and a mixture of 64.33% tetrohydrofuran (THF) in toluene (known as THF-S). In both figures, the viscosity of oil-non-precipitating solvent mixtures continuously decreases with increasing solvent concentration. Note that in Fig. 5 , viscosity of crude oil with n-C 7 and n-C 9 decreases until reaches a deviation point, the so-called onset of asphaltene precipitation. The titration data for oil and n-C 5 mixture are shown in Fig. 6 . For the case of n-pentane as the precipitant, great amounts of asphaltenes precipitate after reaching the onset point. The precipitated asphaltenes plugged the capillary tube of viscometer and as a result, no more data could be collected. Escobedo and Mansoori (1995) confirmed the viscosity measurement data with analyzing all the samples under microscope. The optical microscopy confirmed that the first precipitated asphaltene particles appeared right after the corresponding deviation point on the plots shown in Figs. 5 and 6.
The same methodology was used for other crude oils by Escobedo and Mansoori (1995) and the results are summarized in Table 2 .
As seen in Table 2 , the volume of precipitant needed to induce asphaltene precipitation was obtained greater using optical microscopy method compared to those obtained using viscometry method. The origin of the difference is attributed to the detection mechanisms by which asphaltene precipitation in the mixture was identified. For the viscometry method, the viscosity of mixture changes suddenly as soon as the precipitation occurs. This of course depends on the precision of the viscosity measurement. However, for the optical microscopy method, there might be a delay in detecting the precipitation onset due to the fact that the first precipitated particles need to grow in size through the agglomeration process to be visible by microscope. This, of course, would be dependent on the accuracy and magnification ratio of the employed microscope. Therefore, slightly more precipitant volumes appeared to be needed to induce asphaltene precipitation when optical microscopy was used. Overall, the viscometry method seems to be a more accurate method compared to optical microscopy for asphaltene onset precipitation measurements during titration experiments.
Built upon the concept of viscometry method, Turta et al. (1997) developed a modified version of the procedure for detecting onset of asphaltene precipitation (and the associated volume of precipitant needed) using a capillary tube viscometer for oil and a miscible solvent mixture at reservoir conditions. This technique allowed to detect the onset of asphaltene precipitation at high-pressure conditions. In addition, the viscometry method does not need the use of any reference fluids. Shadman et al. (2012) also applied the viscometry method for evaluating the performance of asphaltene precipitation inhibitors. To sum up, the applicable pressure range of the viscometry method for live oil systems depends on the type of viscometer. Cannon-Fenske viscometer is used for atmospheric pressure conditions, whereas high-pressure capillary viscometer allows onset detection for live oil samples. Unlike the photometric methods, the viscometry technique can be applied for all types of oils regardless of their color.
Optical microscopy technique
Optical microscopy was used by several researchers to detect onset of asphaltene precipitation when a crude oil is titrated with increasing concentration of a precipitant at ambient conditions (Hirschberg et al. 1984; Buckley 1996; Junior et al. 2006; Maqbool 2011; Rabbani et al. 2011; Hoepfner et al. 2013; Goual et al. 2014; Firoozinia et al. 2016) . In this approach, the process of titration of a crude oil with precipitant is monitored in high magnifications with an optical microscope equipped with digital camera for image capturing and further processing. A detailed procedure for optical microscopy technique is illustrated in Fig. 7 .
With focusing on optical microscopy technique, Wang and Buckley (2001) stated that growth of asphaltene aggregates is a continuous process. The size at which asphaltene aggregates become large enough to be distinguished with an optical microscope is regarded as the threshold at which asphaltene precipitation onset occurs. Based on the resolution of available systems, a threshold asphaltene particle size of 0.2-0.5 microns was widely suggested in the literature. This threshold is also comparable to the typical pore size of the reservoir rock, and thus has practical implications especially for the asphaltene-induced formation damage. In the optical microscopy technique of asphaltene onset precipitation measurement, two of the most influential parameters that can affect the end results are residence time and precipitant concentration. It is possible to monitor how asphaltene particles precipitate out and agglomerate at constant precipitant concentration as a time-dependent process, or fix the residence time and study how precipitation occurs at different concentrations of the precipitant. The time-dependent optical microscopy of a crude oil-heptane system at fixed heptane concentration is shown in Fig. 8 that clearly shows the dynamics of precipitation process as a function of time (Maqbool 2011) .
Particles of 0.5 microns in size appeared after about 1.4 h; however, smaller asphaltene particles appeared sooner (at 0.9 h) but were not recognizable in size due to the microscope limitations (Maqbool 2011) . The smaller particles were called as "haze" in his study. The onset of asphaltene precipitation (with threshold particle size of 0.5 microns) and that of haze precipitation was measured for two different crudes subject to titration with different heptane concentrations and the data are presented in Fig. 9 . It was concluded that the onset time was reduced exponentially with respect to precipitant concentration (Maqbool 2011 ). This figure demonstrates that based on 24 h of contact time of crude oil K-1 and precipitant (i.e., common time for asphaltene precipitation tests), all solutions composed of a precipitant concentration of less than 46.5% (vol/vol) are stable solutions. This statement is of course valid considering only 24 h of residence time. It should be noted that if the exposure time was extended, more precipitation would have happened. The results could also be analyzed from the precipitant concentration point of view. In other words, if less concentration of precipitant (i.e., lower than 46.5% by volume) was used, it would have taken more time to attain precipitation and aggregation to the extent of achieving a 0.5-micron particle size, capable of being detected by optical microscopy. This proves that the dynamics of asphaltene precipitation matter, and Compare capture images to determine appearance of asphaltene particles a combination of residence time and precipitant concentration plays the essential role in onset of asphaltene precipitation. Prechshot et al. (1943) used electron microscopy as a new tool to study asphaltic substances in stock tank crude oil. Witherspoon and Munir (1958) used electron microscopy method to study size and shape of asphaltic substances centrifuged from different crude oils. They concluded that the asphaltene particles are spherical with an average diameter of 40 Å. They confirmed the previous findings that asphaltene substances are present in crude oil as particles of colloidal dimensions. Buckley (1996) combined microscopic observations of particulate formation in mixtures of oil and precipitant with measurement of mixture refractive index to determine onset of asphaltene precipitation for stock tank crude oil.
Microscopy technique was also used to visualize onset of asphaltene precipitation pressure when a sample of live oil went through depressurization. For this purpose, a highpressure microscope (HPM) is utilized which is composed of a high-pressure high-temperature (HPHT) cell, with a light source in one side of the cell and a camera mounted on the other side. The captured images are transferred to a data acquisition unit for further image processing. A schematic of a HPM setup is provided in Fig. 10 . Zhou and Sarma (2012) experimentally investigated different gas injection scenarios with the aid of a high-pressure microscope. They concluded that the depressurization rate and gas injection ratio influence the asphaltene onset precipitation pressure. Karan et al. (2003) also used high-pressure microscopy to examine the performance of asphaltene precipitation inhibitors. They combined three complimentary techniques: solid detection system (SDS) with particle size analyzer (PSA) and high-pressure microscopy (HPM) to screen asphaltene inhibitors at field conditions of pressure, temperature and composition. Abdallah et al. (2010) applied high-pressure microscopy for determination of onset of asphaltene precipitation. Based on their study, sample D had higher sulfur and asphaltene content compared to sample B. In addition, sample D's density was greater than that of sample B. They tried to design more effective remedial treatments to prevent asphaltene deposition using live oil samples from four different reservoirs. Results of HPM in their works on fluids B and D are depicted in Fig. 11 . For fluid B, there is no evidence of precipitated asphaltene particles, which is in agreement with no observation of asphaltene problem in the field. However, Change of onset time with respect to precipitant concentration, detected using optical microscopy technique at ambient conditions (Maqbool 2011) the images from sample D show formation of asphaltene particles during isothermal depressurization.
In summary, optical technique and HPM are two widely accepted and commercialized methods for determination of asphaltene onset precipitation. Accuracy of these methods depends on the opacity of the oil sample. It is expected that optical techniques give better and more precise results for oils with lower gravity and asphaltene content.
Refractive index measurement
Refractive index (RI) measurement is a powerful tool in determining onset of asphaltene precipitation when a crude oil sample is titrated with a precipitant. It is also a useful method for creating correlations with other properties of crude oil such as solubility parameter and density. Because of the polarizability root of solubility parameter and RI, there is a similarity between these two parameters (Buckley 1996) . Solubility parameter is a measurable parameter only for pure substances; however, it can be calculated for simple mixtures. However, for complex mixture such as crude oil, solubility parameter is an unknown factor. On the other hand, RI can be simply measured for light to medium crude oil systems (Buckley 1999) .
The Lorentz-Lorenz equation relates the optical properties such as RI to the microscopic properties such as polarizability of a solution:
where f(n) is the refractive index function, n is the refractive index of crude oil, N A is the Avogadro's number, ρ is Fig. 10 Schematic of HPM method Fig. 11 Results of high-pressure microscopy from Abdallah et al. (2010) the density, α is the polarizability, and M is the molecular weight. The effective density ( e ) and molecular weight ( M e ) of homogenous multicomponent mixtures are defined based on volume fraction i and mass fraction m i of each component i as follows:
The effective refractive index of a mixture is then expressed as a volumetric average of refractive index of its components in the form of the following equation: Substitution Eqs. 2 and 3 in Eq. 4 gives the following equation:
where e is the effective polarizability.
A crude oil mixed with a precipitant can be assumed as a binary mixture in which crude oil and chemical are each treated as single components. According to Eq. (4),
is linearly related to the volume fraction of either of the components (Buckley 1999; Castillo et al. 2009 ). The more polarity of a structure, the more polarizability (α) of that structure; hence, such a structure would have higher RI value. This expression suggests that in a crude oil mixture, paraffinic compounds have the lowest RI, whereas the polar molecules of resins and asphaltenes have the highest RI values. RI values of aromatic compounds are between these two extremes as illustrated in Figs. 12 and 13 .
Precipitation of asphaltenes reduces the polarity properties of the remainder of the oil phase and based on Eq. 5, the RI value of the crude oil will be reduced. Addition of a precipitant to a crude oil reduces the RI of mixture in a linear trend. This behavior continues until the onset of asphaltene precipitation. After this point, the polarity of the remaining oil is reduced due to the reduction of suspended asphaltene particles; therefore, RI deviates from its linear trend. According to the data published by Wattana et al. (2003) , a jump will be observed in the RI curve at onset of asphaltene precipitation if the asphaltene precipitation process occurs suddenly and completely. After hitting this stage, the declining trend of RI versus volume fraction of precipitant would remain linear as shown in Fig. 14. It is
reported that the amount of deviation of RI values from the initial linear trend depends on the crude oil nature and differs from one type to another. The effect of precipitant type can also be examined by RI measurement of crude oil-precipitant mixture. Wattana et al. (2003) studied how precipitant type affects the RI values of the mixture (Fig. 15) . The onset of asphaltene precipitation occurs over a wide range of the RI values for several types of precipitants (Buckley 1996; Buckley et al. 1998) .
It should be mentioned that direct RI measurement of heavy dark crude oils is impossible. It is suggested that RI of a solution of heavy dark crude in a solvent (such as toluene) would be measured at different oil and solvent volume fractions. Then the results can be extrapolated to calculate the RI of the crude oil (Castillo et al. 2009 ). Taylor et al. (2001) used extrapolation of the RI of asphaltene-toluene mixtures to calculate the RI of asphaltenes. Their estimation for the RI of asphaltenes was 1.708. They also showed that Eq. 4 is applicable for calculating bitumen's RI. For this case, maltenes and asphaltenes are considered as two components of bitumen. Evdokimov and Losev (2007) stated that extrapolating approach for determining the RI of oil is (Buckley 1999) 1 3
valid only for mixtures with high concentration of oil. They also showed that there is a considerable deviation of the RI from linear trend in dilute solution of oil. defined ΔRI = RI oil − (RI oil ) at onset as a measure of oil sample stability. They believed that it cannot be considered a distinct boundary between stable and unstable oil; however, they proposed the following regions based on this parameter: oils with ΔRI < 0.04 or 0.05 are unstable and oils with ΔRI > 0.06 have stable asphaltenes. In summary, the RI measurement is a relatively fast method for detection of asphaltene precipitation onset. This method can be applied at HPHT conditions. The RI value of light and medium oil samples can be measured directly but those of the heavy opaque oils are too difficult or even impossible to measure. The RI values of the mixture of heavy opaque oils and precipitants can be estimated by extrapolating the RI trend (vs. different solvent concentrations) to zero concentration of solvent.
Interfacial Tension (IFT) measurement method
It is believed that the presence of heteroatoms such as oxygen, nitrogen and sulfur in asphaltenes makes it possible to consider this fraction of oil to have a "surfactant-like structure". This is the reason that several researchers used measurements of IFT between water and mixture of crude oil and a precipitant as a viable technique to detect onset of asphaltene precipitation. IFT can be measured using different equipment. Kim et al. (1990) measured IFT between water and mixture of oil and n-heptane by Du Nouy ring method. Mousavi-Dehghani et al. (2004) also used Du Nouy ring method for measuring IFT between water and various mixtures of crude oil and n-heptane. This method is used at atmospheric pressure. Acevedo et al. (2005a) studied the presence of asphaltenes at the interface of toluene and water mixture via IFT measurements using Du Nouy ring method as well as pendant drop method. Fossen et al. (2007) performed a series of pendant drop experiments to measure IFT between asphaltene-toluene mixtures and water. They observed that the presence of asphaltene in the mixture decreased the IFT. The authors related this behavior to the surfactant role of asphaltenes at the interface of oil mixtures and water.
The basic idea behind this methodology is that there should be a sudden change in the IFT value versus precipitation factor (pressure, temperature or concentration of precipitant) as a sign of onset of asphaltene precipitation. An example of such a study is published by Mousavi-Dehghani et al. (2004) where the IFT between water and mixtures of precipitant and various oil samples were measured at 25 °C. Figure 16 shows that there is a slight change in the IFT value with increasing precipitant concentration. This oil sample is a light one with a very small asphaltene content (0.8 wt%). Therefore, IFT was relatively constant at 21 dyne/cm over a wide range of precipitant concentration.
The authors also conducted asphaltene precipitation tests on Sohio oil sample which contained 4.2 wt% of asphaltenes using both n-pentane and n-heptane as precipitant. It was found that IFT was approximately constant up to a certain concentration for each precipitant after which it was suddenly increased (Fig. 17) . This point of sudden change on IFT versus precipitant concentration plot was defined as the asphaltene onset precipitation point in terms of the minimum volume (or concentration) of precipitant needed to attain precipitation in the titration experiments. The authors concluded that the precipitated polar molecules of asphaltenes moved to the interface between water and the oil-precipitant mixture. These precipitated asphaltenes then formed a film at the interface which resulted in an increase in the IFT values. The authors' justification for additional instabilities in the IFT values at higher concentrations of precipitants is 
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Heptane with no PrecipitaƟon Fig. 15 Effect of different precipitants on RI of Mars crude oil-precipitant mixture (Wattana et al. 2003) the adhesion or deposition of precipitated asphaltenes at the interface. No evidence was provided by the authors to support this claim. Some other researchers observed different behaviors for asphaltene at the interfacial region. The presence of polyaromatic and heterocyclic molecules in the structure of asphaltenes and their adsorption at the interface causes different interfacial behaviors (Rane et al. 2012; Darjani et al. 2017; Liu et al. 2017 ). Clarke and Pruden (1996) used heat transfer analysis for predicting onset of asphaltene precipitation. The basic idea behind Clarke and Pruden's work is that thermal resistance of an oil sample or mixture of oil sample and a precipitant is increased due to precipitation of asphaltenes. They designed a special cell to conduct asphaltene precipitation tests at conditions up to 2000 psi and 400 °C (Fig. 18) . In this setup, heat was supplied by heating tapes around the cell. The top and bottom of the cell were isolated from the walls by gaskets. This isolation facilitated conduction heat transfer through the deposited asphaltene layer which would form at the proximity of the cell bottom. The cell was placed on an aluminum plate, which acted as a heat sink. Path of the heat began from the heating tapes. Generated heat passed through the walls of the cell and reached to the bulk of the fluid sample via inner film of the fluid on the walls. Heat was transferred from the base of the cell through a fluid film and deposited layer of asphaltenes. There was a line for precipitant injection and a stirrer. Six thermocouples were also located at various parts of the cell for detecting local temperatures. The locations of these thermocouples are indicated in Table 3 . The outer wall temperature was maintained constant, and T 3 was located 1 mm above the inner base of the cell for measuring temperature of the lower layer of the fluid and/or that of the deposited asphaltenes layer.
Heat transfer technique
A summary of the test performed by Clarke and Pruden (1997) is mentioned here: the sample was placed in the vessel. The vessel's top plate and walls were held at constant temperature of 115 °C, whereas the circulator fluid to the aluminum plate was at a much lower temperature of 28 °C. The sample was stirred and heated for a fixed time. Then, several cycles of fixed duration were performed. For every cycle, the stirrer was on for the initial 5 min, then was turned off to allow the temperature profiles to reach their steady state values. Over the last 10 min of each cycle, the measured temperatures were averaged to obtain the average steady state temperature for the given cycle. For all the runs, no solvent was added for the very first cycle. The temperature from this first cycle was then treated as the reference temperature which facilitated the comparison of runs. A fixed volume of chemical, n-heptane and toluene, was injected during the stirring portion of each cycle following the first cycle. The volume of the solvent added in each cycle was typically 0.4-0.5 times that of the original sample. Clarke and Pruden (1996) found that the thermocouple located at the smallest distance from the cell bottom can represent the temperature for the deposited layer of asphaltenes (if any). It was hypothesized that this deposited layer of asphaltenes creates an additional thermal resistance.
Results of the Clarke and Pruden's study (1997) are illustrated in Fig. 19 . When toluene was added to the crude oil sample in the cell, viscosity of the mixture reduced. Therefore, thermal resistance of the solution dropped and temperatures increased. This can be seen in the monotonous increase of the temperature measured by the thermocouple closest to the cell bottom (Fig. 19) . However, addition of the precipitant resulted in a different behavior for temperature of the region closest to the cell bottom. At first, addition of n-heptane resulted in viscosity decrease for the mixture, hence the temperature of the region nearby the cell bottom increased. However when proper ratio of precipitant to oil was reached in the cell, asphaltene particles precipitated out of the solution, hence forming a deposit layer at the bottom of the cell during the stabilization period. This deposit layer formed a new thermal resistance which caused reduction of temperature associated with the region close to the cell bottom. Using this method, the concentration of precipitant needed to achieve onset precipitation of asphaltenes could be measured. The oscillating behavior of the temperature plot after reaching asphaltene onset precipitation was attributed to the competing roles of viscosity reduction and asphaltene deposit layer formation. In 1998, Clarke and Pruden also studied the effectiveness of different additives on delaying asphaltene precipitation from Cold Lake bitumen using the same heat transfer approach. They examined the performance of toluene, naphthalene, phenanthrene, indole, quinolone, benzothiophene, 2-methoxy-4-methylphenol, tetralin and decalin as additives to delay asphaltene precipitation. Clarke and Pruden (1998) concluded that phenanthrene had the greatest effectiveness, whereas indole and quinolone had the slightest efficiency. In summary, this approach is a relatively fast method, similar to the RI measurement technique. This method detects asphaltene precipitation onset at HPHT conditions. Fig. 18 Schematic of heat transfer cell for determining onset of asphaltene precipitation (Clarke and Pruden 1996) 
Solvent/Bitumen Ratio (ml/ml)
Toleune Base Run n-C7 Base Run Fig. 19 Temperature of the cell bottom in the presence of toluene and n-heptane (Clarke and Pruden 1997) Accuracy of the heat transfer technique depends on the precision of temperature sensors. Moreover, the temperature changes during asphaltene precipitation is a function of the thickness of the deposited asphaltene layer at the bottom of the cell. Therefore, asphaltene content of the oil is another parameter affecting the accuracy of this method.
Density measurement method
Significant changes of the macroscopic properties of crude oil during asphaltene precipitation are not tangible because of the low concentration of asphaltenes in the crude oil. Amongst these properties, density and viscosity have the highest sensitivity with respect to asphaltene precipitation phenomenon. Ekulu et al. (2004) showed that different trends of crude oil density before and after onset of asphaltene precipitation can be considered as an indication of the onset point. A so-called "reduced density" parameter was defined by the authors as the difference between the density of mixture (i.e., crude oil, ‫‬ toluene and n-heptane) and the density of reference system (i.e., maltenes, ‫‬ toluene‫‬ and n-heptane). The reduced density of mixture was then plotted against volume fraction of precipitant (Figs. 20, 21 ). The oil samples FC and FF in Figs. 20 and 21 were taken from an European oilfield as well as one in South America, respectively. Two intersecting straight lines with different slopes were obtained. The authors defined the intersection point as the asphaltene onset precipitation point for the given system. It is observed that before the intersecting point, the mixture density was higher than that obtained after onset point. As asphaltenes precipitate out of the fluid mixture, the crude oil density approaches that of the maltenes. Fotland et al. (1993) invented a new technique to determine onset of asphaltene precipitation. The supporting background of their work returns to Lichaa and Herrera's experiment. Lichaa and Herrera (1975) placed two electrodes in an oil sample and applied a direct current across them. They observed some deposition on one of the electrodes which shows migration of charged particles. It is now known that the presence of heteroatoms, vanadium and nickel in asphaltene structure may generate dipole moments in asphaltenes fraction of the oil. Based on this background, Fotland et al. (1993) designed a special conductivity cell, consisted of concentric cylinders capable of being used for medium to high conductivity ranges by changing the space between the electrodes or electrode area. The electrodes were covered with a gold layer. During the test, a mixture of oil and a precipitant was injected from a dilution flask to the cell. A magnetic stirrer was used for mixing the solution. The setup was mounted in an air bath for isothermal testing. The conductivity and capacitance were measured using an impedance meter (Figs. 22, 23) . The normalized conductivity was defined as conductivity per mass fraction of oil in the injected solution. The change of trends for both conductivity and normalized conductivity at a particular precipitant concentration was attributed to the onset of asphaltene precipitation. Comparing the upper and lower curves in Figs. 22 and 23 reveals that the onset of asphaltene precipitation is more clear in the normalized plot (i.e., upper curve). As the precipitant was added to the oil sample in the dilution flask, the fluid mixture's viscosity was reduced. The viscosity reduction caused an increase in mobility of the conducting entities (i.e., asphaltenes). This trend continues up to a maximum point after which both graphs began a downward trend until they reached the conductivity of a 100% precipitant phase. Using this method, one can also estimate the amount Reduced density of fluid FF {crude oil F (5 g) + cyclohexane (7.5 g) + n-heptane (X g )} as a function of the ratio of n-heptane and available crude oil (Ekulu et al. 2010 ) Fig. 21 Reduced density of fluid FC {crude oil C (5 g) + cyclohexane (7.5 g) + n-heptane (X g )} as a function of the ratio of n-heptane and available crude oil (Ekulu et al. 2010) 1 3 of precipitated asphaltenes by extrapolating the data before precipitation to the point of pure precipitant. The detailed algorithm for this estimation is provided in the paper by Fotland et al. (1993) . Other researchers adapted this technique for measuring onset of asphaltene precipitation for crude oils when titrating with precipitants. MacMillan et al. (1995) measured conductivity of a crude oil and pentane mixture to determine the onset of asphaltene precipitation. They used electrical and optical methods to determine the onset of asphaltene precipitation and concluded that combining these two techniques improves the interpretation of experimental results. Behar et al. (1998) studied the effect of asphaltene concentration in solutions of asphaltenes in nitrotoluene and THF by conductivity measurements. They repeated their experiments on solutions of asphaltenes in nitrotoluene in the presence of resins. Their study showed that precipitation of asphaltenes depends on asphaltene concentration as well as properties of the bulk fluid phase.
Electrical technique
In summary, the electrical conductivity for measuring asphaltene onset precipitation is also applicable to HPHT conditions for both light and heavy oils. The accuracy of this technique depends on the sensitivity of the measuring sensors. The asphaltene concentration of the oil sample affects detection of the onset point using this methodology since low asphaltene contents result in low conductivity values.
Acoustic resonance technique (ART)
This method is rooted in the differences of sonic wave speeds in various fluid phases. It is known that the denser the fluid is, the faster the sonic wave moves. Thus, it is expected that the phase transition (i.e., from liquid to solid, asphaltene precipitation, or from liquid to gas, gas liberation) could be detected from response of fluids to acoustic waves propagating through them. Using this technique, the onset of asphaltene precipitation pressure can be detected for a live oil system undergoing depressurization steps (Carrier et al. 2000) . In ART for asphaltene onset precipitation measurement, the output response is in the form of resonance frequency. It is known that changes in sonic wave speed, which is associated with phase transition, influence resonance frequency and therefore acoustic response (Jamaluddin et al. 2002 ). This technique is schematically shown in Fig. 24 . The main element of the setup is a HPHT cylindrical resonator. Acoustic wave is sent through the fluid in resonator via a transmitter which is located at the top end of the system. Response signals are detected in a receiver at the other end of the resonator. These responses pass through a low noise pre-amplifier and finally are processed through an analog to digital convertor. A data acquisition and recording system is used to control the whole setup, control the acoustic stimulation of transmitter, collect and record the (Fotland et al. 1993 ) Fig. 24 Schematics of the ART setup (Jamaluddin et al. 2002) 1 3 operational variables such as pressure, volume, temperature, and response signals (Kabir and Jamaluddin 1999) .
The operating procedure for this setup is borrowed from Jamaluddin et al. (2002): first, the system is heated up to the desired temperature. Next, the reservoir fluid is charged at constant pressure under isothermal conditions. The system is then allowed to stabilize at fixed pressure and temperature. A series of depressurization steps are performed with a decreasing rate change versus time. At each depressurization stage (after stabilization), the sonic frequency and associated operating conditions are captured and recorded. The normalized acoustic response can then be plotted versus pressure. An example of such measurement is shown in Fig. 25 . There are two distinct trend changes observed in the plotted data: one is associated with the onset of asphaltene precipitation pressure and the second one is related to the saturation pressure. As the pressure decreases from right to left, the fluid density gradually decreases and as a result, the sonic speed decreases. These trends are continued until the onset of asphaltene precipitation was reached, shown by the big drop in the curve. The precipitated solid particles caused an increase in the sonic speed. After passing the AOP pressure, some oscillations were observed in the data which may be due to counteracting effects of viscosity reduction and further asphaltene precipitation on the magnitude of the acoustic response. Another sharp drop in acoustic response was experienced due to separation of gas from the live oil when the pressure passed the saturation pressure. According to Jamaluddin (2002) , the lower boundary of asphaltene precipitation could not be detected using ART due to gradual change of re-solubilization of the asphaltene particles in oil below the bubble point pressure, which was not detected by resonance frequency.
De Boer et al. (1995) and Sivaraman et al. (1999) studied the effect of inhibitors on asphaltene precipitation using ART. Kabir and Jamaluddin (1999) found onset pressure of asphaltene precipitation and bubble point pressure using
ART. This method can also be used to detect asphaltene onset conditions for crude oil samples under titration experiments. Carrier et al. (2000) investigated asphaltene precipitation for mixtures of crude oil/o-xylene/n-hexane and n-octane using acoustic technique in the ultrasound frequency range at 323 K and atmospheric pressure. Yarranton et al. (2000) and also used ART to detect AOP pressure as well as saturation pressure for six oil samples.
To sum up, ART can be applied for light and dark oil samples at HPHT conditions. This method is a fast technique and requires low volume of reservoir fluids. This technique has no mixing mechanism. This causes inaccurate determination of the onset point due to heterogeneity in asphaltene distribution. It should be noted that changes in acoustic properties are not only related to asphaltene precipitation. The presence of other solids or gas phase also changes these properties. Moreover, ART is unable to detect lower boundary of asphaltene precipitation envelope. This is because of the gradual dissolution of the precipitated asphaltenes in the remaining oil below the bubble point pressure.
Light scattering technique (LST)
When light passes through a fluid, any phase transition (i.e., formation of solids or gas phase) influences the power of the transmitted light (PTL). The light absorbance is inversely related to PTL. For the case of dark oil samples, near infrared (NIR) light can be used. This is because of absorbance of visible range wavelength in the dark oil medium. Based on these principles, the light scattering technique was developed to detect onset of asphaltene precipitation pressure for live oil samples. For the live oil systems, this methodology was developed in the form of designing a HPHT visual PVT cell equipped with an NIR source and detector. The general scheme of this setup is the same as a typical PVT cell with an impeller mixer for bringing the fluid to equilibrium conditions at target pressure and temperature along with sight glasses for visual capability, with an added element of an NIR emitter and detector. The intensity of the NIR light, passing through the live fluid at operating pressure and temperature, is measured at the detector based on which presence of solid particles in the fluid is determined. A schematic of this setup is shown in Fig. 26 . Hammami et al. (2000) used light scattering method for investigating asphaltene precipitation in live reservoir fluid systems. The experiments were performed at reservoir temperature, and a series of depressurization steps were done from a pressure greater than the reservoir pressure to close to atmospheric condition. Figure 27 depicts the results for two oil samples, namely Oil 1 and Oil 2. The properties for these two oils are summarized in Table 4 .
For Oil 1, there was no field-scale asphaltene deposition issues based on production reports. In both oils, the power Fig. 25 Determination of AOP pressure for a live oil sample at 210 °F using ART (Jamaluddin et al. 2002) of transmitted light increased by decreasing the pressure due to reduction in density of the single phase live fluid above the AOP. For Oil 1, the increase in PTL continued until it dropped to noise level at about 34 MPa. This drop was attributed to release of gas from the live oil, and the detected saturation pressure was independently confirmed by a CCE test. No asphaltene dropout was detected for this fluid at lab conditions which confirmed the field observations. For pressures lower than bubble point pressure, the evolved gas was then removed from the PVT cell. For p < p b , the power of transmitted light dropped by decreasing the fluid pressure. It is attributed to the increase in fluid density (i.e., loss of light gas components) as pressure was decreased below the saturation pressure. For Oil 2, however, there is a point at which PTL reached a plateau and then started to decrease gradually and continuously. The point at which the PTL deviated from the almost linear increasing trend (i.e., about 50 MPa) was considered as the AOP pressure. When the depressurization was continued below the AOP, the PTL gradually decreased until it completely dropped to zero at about 39 MPa (i.e., the suspected saturation pressure for Oil 2). For p < p b , the declining slope of the PTL curve is smaller than that of Oil 1. Two opposing mechanisms are competing in this pressure region which affect the PTL declining trend: in one hand, pressure drop below the saturation pressure results in density increase (hence PTL decrease), and on the other hand, it causes the re-dissolution of asphaltene particles back into the remaining fluid which increases the PTL intensity. Buenrostro-Gonzalez et al. (2004) also used the light scattering technique to measure AOP pressure for a live oil sample (Fig. 28) . Before the sudden drop of the light intensity, it increased linearly with pressure reduction (i.e., line 1) until it plateaued (i.e., line 2). The intersection of these two straight lines was defined as the AOP pressure for this live fluid system. The same approach for AOP measurement was also employed by Tavakkoli et al. (2013) . Mahmoudi and Zare-Reisabadi (2015) used the light scattering technique to investigate the effect of temperature on AOP pressure of a live fluid system. Other applications of this technique include studies by Joshi et al. (2001) , Gholoum et al. (2003) , and Lei et al. (2015) that used LST for asphaltene deposition envelope (ADE) development.
Using the same approach, Aske et al. (2002) studied the asphaltene precipitation process and its reversibility for several live oil samples and model systems of asphaltenes in toluene/pentane solvent mixture by means of NIR spectroscopy. The optical density was then plotted versus pressure 1 3
or weight fraction of the precipitant. The minimum point in these graphs was then considered as asphaltene onset precipitation, in terms of pressure or concentration of precipitant. The optical density was calculated according to the following equation:
in which I 0 and I are the power of incident and transmitted light, respectively.
The light scattering technique can be implemented in a slightly different manner to investigate asphaltene precipitation from crude oils during titration experiments. In this case, the absorbance of the transmitted light, and not the power intensity, is presented as a function of time. An example of such an application can be seen in the study performed by Fuhr et al. (1991) . An initial decrease in the absorbance of light was observed during the initial stages of the titration experiment which is due to the dilution effect of the precipitant before its concentration reaches the threshold value needed for asphaltene precipitation (Fig. 29) . At one point when this threshold concentration of precipitant was reached, the asphaltene particles precipitated out of the solution and absorbed the light passing through the solution, hence the measured absorbance started to increase by time. This local minimum point was referred as the onset of asphaltene precipitation. The absorbance ultimately plateaued after about 50 min which means that all the containing asphaltene content of oil was extracted by that time. The same approach was used by other researchers such as Hu and Guo (2001) and Chandio et al. (2014) . Marugan et al. (2009) also applied NIR light to detect asphaltene particles in dead oil samples under titration. Horvath-Szabo et al. (2004) measured light scattered intensity instead of light transmitted intensity to measure onset of asphaltene precipitation in asphaltene/toluene/heptane (6) Optical density = log I 0 I , mixture. They found that presenting light scattered intensity data versus heptane/toluene ratio formed two straight lines with different slopes. The authors proposed that the intersection point of these two straight lines shows the onset of asphaltene precipitation. Gorshkov et al. (2014) also plotted light scattered intensity versus volume fraction of the precipitant and observed that there are linear and exponential trends for low and high precipitant concentrations, respectively. They identified the intersection point of these two trends as the asphaltene precipitation onset. Kraiwattanawong et al. (2007) stated that selecting the minimum point of light absorbance versus volume fraction of precipitant plot results in an inaccurate determination of the asphaltene precipitation onset. They showed that plotting the derivative of light absorbance with respect to volume fraction of precipitant versus volume fraction of precipitant provides a more precise value of asphaltene precipitation onset. Mansur et al. (2009) used visible ultraviolet spectroscopy to observe the onset of asphaltene precipitation. Some investigators also measured turbidity value of crude oil system to determine onset of asphaltene precipitation. The precipitation of asphaltenes due to temperature or pressure change or adding precipitant intensifies scattering of the emitted light. This is equivalent to an increase in turbidity value of the system. Thus, measurement of variation of this parameter can be applied as a technique for detecting onset of asphaltene precipitation. Chen et al. (2013) used this technique to determine onset of asphaltene precipitation for four oil samples. Turbidity variation versus ratio of n-heptane/oil sample is illustrated in Fig. 30 . Before onset concentration of precipitant, the turbidity value of the mixture was approximately constant. Turbidity value increased sharply after beginning of asphaltene precipitation. Shadman et al. (2016) also used the turbidity measurement technique to investigate the effect of several dispersants on asphaltene precipitation. 
Summary
In this paper, a comprehensive literature review was performed on all the available procedures in the literature for measuring the onset of asphaltene precipitation. The major advantages and limitations associated with these methods are summarized in Table 5 .
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